Depression is a heritable disorder that is often precipitated by stress. Abnormalities of the stress-reactive hypothalamic-pituitary-adrenal (HPA) axis are also common in depressed patients. In animal models, the forced swim test (FST) is the most frequently used test of depressive-like behavior. We have used a proposed animal model of depression, the Wistar Kyoto (WKY) rat, to investigate the relationship as well as the mode of inheritance of FST behaviors and HPA measures. Through reciprocal breeding of WKY and F344 parent strains and brother-sister breeding of the F1 generation, we obtained 486 F2 animals. Parent, F1 and F2 animals were tested in the FST. Blood samples were collected for determination of basal and stress (10-min restraint) plasma corticosterone (CORT) levels, and adrenal weights were measured. We found that all measures were heritable to some extent and that this heritability was highly sex dependent. Both correlation and factor analyses of the F2 generation data demonstrate that FST behavior and HPA axis measures are not directly related. Thus, the underlying genetic components of depressive-like behavior and HPA axis abnormalities are likely to be disparate in the segregating F2 generation of a WKY3F344 cross.
Introduction
Depression is a disorder that results from complex genetic and environmental interactions. Family and twin studies have clearly demonstrated that unipolar depression is heritable, as the risk of developing the disorder is 3 times greater in relatives 1 and 12 times greater in a monozygotic twin 2, 3 of a person with depression than in the normal population. 1, 4 In addition to this genetic association, a depressive episode is often precipitated by a major stressful life event or from an accumulation of stress over time. 5, 6 Similar stressful life events can lead to a depressive episode in some, whereas it does not have such devastating effects in others, 7 suggesting genetic differences in vulnerability may exist.
While stressful life events can precipitate a depressive episode, major depression is also a source of chronic stress, such that the stress-reactive hypothalamic-pituitary-adrenal (HPA) axis is frequently disrupted in patients with depression. [8] [9] [10] HPA alterations in depression include increased or decreased basal cortisol, a trait marker of HPA activity, 11, 12 an increased responsiveness of the HPA axis to stress 13 as well as increased adrenal gland size. 14 The latter is a marker of chronic activation of the activity of the HPA axis over time. 15, 16 It has proven difficult to separate the genetic risk factors involved in experiencing stressful life events from those involved in the development of a depressive episode, 17 leaving open the question of whether a genetic predisposition to increased stress reactivity can also lead to a depressive episode, as has been suggested previously. 5 The Wistar Kyoto (WKY) rat exhibits depressivelike behavior in a number of behavioral tests. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Among the behavioral tests that indicate a depressivelike state in the WKY, we chose to work with the forced swim test (FST), a measure frequently used to test for antidepressant drugs. This test is used in animal models to test for 'behavioral despair' [35] [36] [37] [38] and/or 'passive coping behavior'. 38, 39 Climbing in the FST, which is also responsive to antidepressant drugs, is a form of active coping or escape-oriented behavior. 40 Importantly, the increased immobility in WKY rats in the FST does not appear to be a result of impaired cognitive or motor abilities. 41 In addition to depressive-like behaviors, WKY rats exhibit alterations of the HPA axis, including greater increases in plasma adrenocorticotropin hormone (ACTH) secretion after acute stress, 31, 33, [42] [43] [44] and a decrease 32, 45 or no change 26, 31, 43, 46 in stress-induced corticosterone (CORT) levels relative to other rat strains. Alterations of the 24-h diurnal secretion pattern of plasma ACTH and CORT are also observed in WKY relative to Wistar rats. 47 The WKY rat was selected to use in the following study because both the depressive-like behavior in the FST and alterations of the HPA axis are genetically based in this strain. In contrast, the inbred F344 rat does not exhibit depressive-like behavior 27 and both basal and poststress levels of CORT differ from those found in the WKY. 32, 44 In the present study, we have measured both immobility and climbing in the FST as indicators of depressive-like behavior. We have also examined three aspects of the HPA axis, all of which are altered in major depression and are controlled by different mechanisms:(1) basal plasma CORT levels, (2) plasma CORT levels in response to acute stress and (3) adrenal weight. Similar to previous studies, 48 we have used a segregating F2 population of a WKY Â F344 cross to investigate the relationship as well as the mode of inheritance of FST behaviors and HPA measures.
Materials and methods

Overall protocol
A total of 28 male and 20 female F344 and WKY rats each were purchased from Harlan Sprague-Dawley (Indianapolis, IN, USA) at B10 weeks of age. Immediately upon arrival, animals were placed into cages, separated by sex, 4 animals/cage and put on a 14 : 10 light : dark cycle (lights on at 7 : 00 and off at 21 : 00, Central Standard Time). Animals were kept under constant ambient temperature (21711C) with food and water available ad libitum. The animals were tested in the FST 2 weeks after arrival. Subsequently, blood samples were collected for both basal and stress (10 and 30 min of restraint stress) samples. Female parents had vaginal smears taken following both the FST and blood collection, as both have been shown to be affected by cycle stage. [49] [50] [51] [52] All animal procedures were reviewed and approved by the Northwestern University Animal Care and Use Committee.
After blood collection, rats were mated through reciprocal breeding (mating WKY females with F344 males and vice versa), pairing one male with two females, resulting in 138 F1 generation pups, which were then bred through brother-sister mating to obtain 486 F2 generation animals. F1 and F2 generation animals were weaned at 24 days of age, separated by sex and housed 3-5 animals/cage. At 11 weeks of age, all F1 and F2 generation animals were weighed and tested in the FST. Both basal and stress blood samples were collected 4 weeks after the FST as described below. Vaginal smears were taken from F1 and F2 generation females after blood collection. At approximately 16 weeks of age, parent, F1 and F2 animals were weighed and killed by decapitation. Adrenal glands were removed and weighed.
In addition to the FST and blood sampling, all animals were also tested in the open field test and the defensive burying test, two mildly stressful behavioral tests, for other studies. To test whether the difference in adrenal size between WKY and F344 females (see Results) was a result of the differential response to stress prior to the collection of adrenals or was a trait measure, we weighed adrenal glands from 28 WKY and 24 F344 females that had not previously been exposed to any stress.
Forced swim test
The FST procedure used was similar to the one described by Porsolt et al. 35 Briefly, animals were placed into a large cylinder (30 cm Â 45 cm) of 251C water for a 15-min period. After 24 h, the rats were again placed into the cylinder of water for a 5-min period. All testing took place between 11:00 and 15:00. Activity during the second swim test was video-recorded for subsequent scoring. We used a time sampling technique for scoring, as previously described, 53 where immobility, climbing, and swimming were scored every 5 s.
Collection of blood samples for detection of basal and stress CORT To determine when the most significant differences were noted in basal levels of CORT between WKY and F344 rats, we conducted a preliminary study in which we serially bled eight F344 and six WKY male rats from Harlan Sprague-Dawley (Indianapolis, IN, USA) as previously described. 47 Briefly, rats were cannulated 2 days prior to the serial bleed. During the bleed, 0.5 cm 3 of blood was collected on ice into EDTAcoated tubes (2.5 mg/tube) at the following time points: 8 : 00, 11 : 00, 14 : 00, 17 : 00, 20 : 00, 22 : 00, 24 : 30, 3 : 00, 6 : 00 and 8 : 00. After each sample, the same amount of donor blood, prepared as previously described 54 was given back to each animal. Plasma was collected and stored at À801C for subsequent determination of CORT by radioimmunoassay.
Basal and stress blood samples were collected using the tail-cut method. Within 2 min of removal from the cage, 55, 56 animals were placed into a restraining bag, tail was nicked and basal blood samples were collected on ice into EDTA-coated tubes (1 mg/tube). Animals were then left in the holding bag for 10 min, the time when the largest difference is seen between WKY and F344 animals (see Results), and a second blood sample was taken. Samples were collected between the hours of 13 : 00 and 15 :00, when male WKY rats exhibited significantly lower levels of basal CORT relative to male F344 rats, as determined by the 24-h serial blood sampling (see Results). Plasma was collected and stored at À801C for subsequent determination of CORT by radioimmunoassay.
Radioimmunoassay for CORT
Assays were done in duplicate as described previously. 32 Briefly, 1-2 ml of plasma was incubated overnight with the primary CORT antibody raised against CORT 3-carboxymethyloxime : bovine serum albumin, with 125 I-CORT conjugate as the tracer (ICN Pharmaceuticals, Costa Mesa, CA, USA). The assay sensitivity was 16.7 pg/tube. The intra-and interassay coefficients of variation were 11.6 and 7.5%, respectively.
Calculations to determine heritability and mode of inheritance Narrow sense heritability (h 2 ) and standard errors were calculated by the following formula: [57] [58] [59] Logtransformations were run on data with large skew (immobility, climbing and basal CORT) prior to calculating the h 2 estimate.
where V a is the variance of the additive genetic component,
, with a being the mean difference between two parent inbred strains and V p is the total phenotypic variance;
Mode of inheritance was calculated using a t-test between the combined parent mean and the F1 generation mean for each phenotype. Significant differences between the two suggest a dominant mode of inheritance. Epistasis was calculated by performing a t-test on C where C ¼ 4F 2 À2F 1 ÀP 1 ÀP 2 , and F 1 , F 2 , P 1 and P 2 are means of phenotypes in the F 1 and F 2 generations or in the two inbred parent strains (P 1 and P 2 ). 60 
Statistics
A two-way ANOVA was used to assess significant differences between strain (WKY or F344) and sex (male or female) for each phenotype in the parents. A repeated measures one-way ANOVA was used to calculate significant differences between plasma CORT levels of WKY and F344 males in the 24-h serial bleed. For the F1 and F2 generations, a two-way ANOVA was used to calculate significance of mother or grandmother of origin (WKY or F344) and sex (male or female). Square root or natural log transformations were run on data sets with large skew prior to running the ANOVA. Tukey-Kramer's multiple comparison post hoc tests were used where significant differences were seen. Dominance and epistasis were calculated using a Student's t-test, as described above. To address specific and relevant experimental questions, secondary statistical analyses were conducted in some instances where the ANOVA interaction term was not significant. To address these questions, the Student's t-test was applied. Pearson's correlation coefficients (r) were calculated between all phenotypes in the F2 generation. In addition, a factor analysis was conducted through principal components factor extraction with a varimax rotation (SPSS, version 10.0) on the transformed phenotypic data from the F2 generation.
Results
Sex and strain differences in FST behaviors in parental strains WKY males had significantly higher immobility and lower climbing relative to F344 males (Table 1, Figure  1a and c). In contrast, no differences were seen in immobility between females, although WKY females did exhibit lower climbing in the FST relative to F344 females. For immobility, there was a significant main effect of strain (F 1,88 ¼ 7.42, Po0.01), sex (F 1,88 ¼ 6.10, P ¼ 0.05) and a strain Â sex interaction (F 1,88 ¼ 6.12, P ¼ 0.05). The strain difference was seen only between WKY and F344 males, whereas the sex difference for immobility was seen only between male and female F344 animals (Tukey-Kramer, Po0.01), with females exhibiting higher immobility than males. For climbing there was a significant effect of strain only (F 1,88 ¼ 25.79, Po0.001), signifying that 
For basal CORT, there was a significant main effect of sex (F 1,94 ¼ 13.6, Po0.001) and a strain Â sex interaction (F 1,94 ¼ 6.9, P ¼ 0.01). Basal plasma CORT levels in WKY males were significantly lower than in F344 males (similar to that found in the 24-h profile at this time point), with no difference seen between WKY and F344 females at this time point (TukeyKramer, Po0.01; Table 1, Figure 3a ). There was a sex difference in WKY rats, with females having higher basal CORT than males (Tukey-Kramer, Po0.01). F344 males and females did not exhibit significant differences from each other. For stress CORT, there was also a significant main effect of sex (F 1,76 ¼ 67.8, Po0.001) and a strain Â sex interaction (F 1,76 ¼ 7.5, Po0.01). WKY males had slightly lower levels of stress CORT relative to F344 males, whereas WKY females had slightly higher levels of stress CORT relative to F344 females (see Figure 3c) . Significance was only found between F344 and WKY males (t (47) ¼ 2.4, Po0.02). Males of both strains had significantly lower stress CORT levels than females of the respective strain (Tukey-Kramer, Po0.01).
For adrenal weight, there was a significant main effect of strain (F 1,83 ¼ 11.1, Po0.01), sex (F 1,83 ¼ 83.0.0, Po0.001) and a strain Â sex interaction (F 1,83 ¼ 41.2, Po0.001). WKY females had significantly larger adrenal glands than F344 females (Tukey-Kramer, Po0.01; Figure 3e) . A similar result was found in females not exposed to any prior behavioral testing (F 1,50 ¼ 320.1, Po0.001; data not shown). In contrast, adrenal glands of WKY males were significantly smaller than those of F344 males (t (42) ¼ 2.6, Po0.01). Males of each strain had significantly smaller adrenal glands than females of that strain (Tukey-Kramer, Po0.01). Figure 1b and d) . For the HPA axis measures, the sex differences seen in the F2 generation were similar to those found in the parents and F1 generation. Stage of the estrus cycle did have a significant effect on basal CORT in F2 females. Animals in proestrus had significantly higher levels of plasma basal CORT than those in diestrus or estrus (F 1,200 ¼ 6.9, Po0.01; data not shown). No differences were seen in stress CORT based on cycle stage. F2 generation females exhibited higher variability for immobility, basal and stress CORT than F2 generation males (Table 1) .
Correlation and factor analyses of FST and HPA measures in a WKY Â F344 cross Correlation and factor analyses were carried out for males and females separately owing to the significant sex differences seen.
As seen in Table 2 , immobility and climbing in the FST were strongly and negatively correlated in both males and females (r ¼ À0.38 and À0.64, respectively; Po0.01). In addition, basal CORT and stress CORT were strongly and positively correlated in both males and females (r ¼ 0.45 and 0.33, respectively; Po0.01). Interestingly, body weight did not correlate with adrenal weight in males, suggesting a differential growth of adrenal glands relative to body weight in WKY relative to F344 rats, at least in males. As such, we did not normalize adrenal weight to body weight in males or females. Adrenal weight correlated with both basal and stress CORT in males only (r ¼ 0.22 and 0.27, respectively).
In the factor analysis, males and females exhibited similar, but not exact, profiles where FST behaviors and HPA measures loaded onto separate factors (Table 3) , in support of the lack of correlation found between these measures. Adrenal weight loaded onto a separate, third factor in females, accounting for 20.5% of the total variance (not added to table). The total variance explained was 60.7% for males and 80.8% for females. Heritability and mode of inheritance for FST behaviors and HPA activity Narrow sense heritability was calculated separately for males and females. All measures were heritable to some extent in males, females or both (Table 4) . In males, log (immobility), log (climbing), log (basal CORT) and stress CORT had solid heritability estimates, while the estimated heritability of adrenal weight was small. In contrast, log (immobility) and log (basal CORT) were not estimated to be heritable in females. However, in females, log (climbing) had a solid estimated heritability, stress CORT was slightly heritable and adrenal weight had a high estimated heritability. Those measures with no to low heritabilities had relatively large standard errors, suggesting the unreliability of these heritability estimates. F344 dominant mode of inheritance was found for log (climbing) in both males (t(95) ¼ 8.75, po0.001) and females (t(74) ¼ 7.13, po0.001) and log (basal CORT) in males only (t (105) ¼ 5.1, po0.001). Epistasis was found for adrenal weight in females only (t (64) ¼ 3.62, Po0.001).
Discussion
We have demonstrated that depressive-like behavior, as measured by the FST, and three separate components of the stress-responsive HPA axis are heritable in the segregating F2 population of a WKY Â F344 cross. This heritability is highly sex dependent. Furthermore, this is the first study to demonstrate a complete lack of correlation between these measures in the segregating F2 population.
Confirming work from our own and several other laboratories, we found that WKY males exhibit increased immobility and decreased climbing in the FST relative to F344 males. 18, [23] [24] [25] [26] [27] 31, 33 Their behavior in the FST and several other behavioral tests provide strong evidence that WKY rats are in a depressive-like state. While both WKY and F344 females exhibit high levels of immobility, WKY females did exhibit decreased climbing in the FST relative to F344 females. Climbing in both sexes had an F344 dominant mode of inheritance. While this may suggest that increased climbing in the FST are advantageous or adaptive traits for the animal, it should be noted that inbred strains are artificially selected and so their behaviors may not represent responses to evolutionary pressures.
In the F1 generation, a paternal effect was seen such that animals from an F344 male Â WKY female lineage exhibited increased climbing (F344-like profile) relative to those from a WKY male Â F344 female lineage. Grandmaternal effects were noted in the F2 generation for climbing, such that F2 animals with a WKY grandmother exhibited increased immobility and decreased climbing (WKY-like profile) while those from an F344 grandmother exhibited decreased immobility and increased climbing (F344-like profile). The paradoxical lineage effects seen in climbing may be explained by the trait's likely multigenic nature. Genomic imprinting, in which the expression of a gene is modified depending on which parent the genetic information is inherited from, 61 could explain the paternal effect in the F1 generation. Since such modifications are reset at each generation, the effect will not be seen in the F2 generation. The grandmaternal effects seen for climbing may be because of a recessive X-linked inheritance that is masked in the F1 by the imprinted locus' relatively large effect. While the effects were not as significant, immobility and adrenal weight also exhibited grandmaternal effects, but without parental effects in the F1 generation. F344 dominance for immobility and epistatic interactions for adrenal weight may mask the inheritance of the lineagespecific effects in the F1s.
All three HPA measures (basal CORT, stress CORT and adrenal weight) were lower in WKY males relative to F344 males. In contrast, while not always significant, all three HPA measures were higher in WKY relative to F344 females. It is important to note, that other studies have shown that WKY males exhibit a hyper-responsiveness of the HPA axis to stress at the level of the pituitary, 32, 33 as well as sustained diurnal peaks of both ACTH and CORT, in WKY relative to Wistar 47 and F344 rats in the current study. Therefore, the lower plasma CORT levels in WKY rats that we report, taken at a single afternoon time point, likely do not represent an overall hypoactivity of the HPA axis in this strain. The HPA difference between males and females may be because females exhibit a different 24-h profile than males and if sampled at a different time point, CORT differences between WKY and F344 females would become evident.
Our heritability estimates indicate that the depressive-like behavior and hormonal abnormalities of the WKY rat are, at least in part, due to genetic transmission of these traits. It is important to note that environmental factors, such as prenatal stress or maternal behavior, may also play a role in the depressive-like abnormalities in this strain. Such effects have not been investigated in the WKY rat.
Immobility in the FST along with basal and stress CORT were estimated to be heritable only in males, while adrenal weight was estimated to be heritable only in females. Adrenal weight in females appears to be governed by epistatic interactions, such that a single gene is not sufficient for the expression of the phenotype, but that the interaction of two or more genes is necessary. The fact that basal and stress CORT were estimated to be heritable only in males and adrenal weight was heritable only in females is particularly interesting since males and females respond differently to genetic manipulation of HPA function. For example, male mice deficient in both corticotropin releasing hormone (CRH) receptors 1 and 2 exhibit increased anxiety-like behavior in the elevated plus maze, while double mutant females exhibit decreased anxiety-like behavior. 62 Furthermore, human studies have indicated that stressful life events precipitate depressive episodes differentially in women and men. 63 In addition, there is also a sex difference in the heritability of major depression in humans. 64 Heritability calculations need to be interpreted with caution, as they are influenced by both environmental conditions and genetic characteristics of the population. 57 Furthermore the heritability calculation is based on the assumption of additive genetic influences which frequently do not occur. As such, the lack of estimated heritability of particular traits does not preclude genetic inheritance. For example, while open arm entries in the elevated plus maze had low estimated heritabilities in a segregating F2 population between Lewis and SHR rats, 48 a significant quantitative trait locus has recently been found for this trait in an F2 intercross of Roman high and low avoidance rats. 65 Small phenotypic differences between the parent strains, and large variability in the phenotypic measures, can have undue influence over the heritability estimates. This point is illustrated for our traits with small estimated heritabilities (eg, female immobility and basal CORT), where the heritability standard errors were larger than the heritability estimates, suggesting the unreliability of these values. Furthermore, high variability in the F2 generation may be desirable, as it can represent high recombination rates. In addition to demonstrating that FST and HPA measures are heritable, we have shown that these measures, although frequently thought to be related, are not directly linked. Several studies have shown that decreasing glucocorticoid levels can lead to decreased depressive-like behavior in the FST. For example, adrenalectomy decreases immobility in the FST and glucocorticoid replacement reverses this effect. [66] [67] [68] Furthermore, glucocorticoid receptor knockout mice and animals infused with antisense oligonucleotides to the glucocorticoid receptor exhibit decreased immobility in the FST. 69, 70 In contrast, infusion of antisense oligonucleotides to the CRH receptor 2 leads to increased levels of circulating glucocorticoids and increases immobility in the FST. 71 While the above studies suggest an important connection between glucocorticoids and FST behavior, studies using multifactorial analyses in rats have not found correlations between anxiety-related behaviors and HPA activity. 21, 72 In addition, studies using different inbred rat strains have not found a correlation between FST behavior and HPA activity. 26, 73 Furthermore, HPA axis abnormalities in depressed human patients are reversed after treatment with antidepressants, 74 suggesting that they are state markers, and thus a consequence of depression. Thus, no human or animal studies support a genetic link between depression and HPA axis abnormalities.
Our results suggest that it is unlikely that similar genetic components underlie both stress reactivity and susceptibility to depression. In support of this, previous studies have shown that behaviors that load onto separate factors are also genetically differentiated based on QTL analysis. 75 It is plausible, however, that these two separate genetic pathways may affect each other indirectly. The segregating F2 generation of a WKY Â F344 cross could prove to be a tool for identifying the genetic components that underlie depression and stress reactivity, providing useful information for treating depression in the future. As such, a quantitative trait loci analysis using this cross is currently underway to identify the chromosomal regions involved in the behavioral and hormonal alterations in the WKY rat.
